Abstract Third generation aromatase inhibitors (AI) have shown good clinical efficacy in comparison to the anti-estrogen tamoxifen. The steroidal AI, exemestane (EXE) has previously been shown to act as an androgen, but this report demonstrates the estrogen-like activity of EXE. Based on genome-wide microarray analysis, high correlation was seen between EXE-Only (EXE O, hormone-free) and hormone-containing AI-resistant lines. In addition, the top regulated genes in the EXE O lines were mostly estrogen-responsive genes. This estrogen-like activity of EXE was further validated using estrogen receptor (ER) activity assays, where in comparison to 17b-estradiol (E2), EXE was able to induce ER activity, though at a higher concentration. Also, this EXE-mediated ER activity was blocked by the ER antagonist ICI as well as the ERa-specific antagonist methyl-piperidino-pyrazole (MPP). Similarly, EXE was able to induce proliferation of breast cancer cell lines, MCF-7 and MCF-7aro, as well as activate transcription of known estrogen-responsive genes, i.e., PGR, pS2 and AREG. These results suggest that EXE does have weak estrogen-like activity.
Introduction
Hormone-responsive breast cancers represent approximately 60% of pre-menopausal and 75% of post-menopausal patients, and depend on the steroid hormone estrogen for cancer cell survival and proliferation. It has been shown that estrogen is produced locally within the tumor by aromatase [1] [2] [3] and that aromatase expression and activity are markedly elevated in breast carcinomas [4] [5] [6] [7] [8] . Treatment of hormone-dependent breast cancers has relied on the use of anti-estrogens, such as tamoxifen, which antagonize estrogen receptor (ER) function and subsequently minimize hormone-dependent cell growth. In addition to this treatment strategy, the use of aromatase inhibitors (AIs) have shown excellent clinical efficacy in post-menopausal breast cancer patients by suppressing whole-body estrogen synthesis. Significant increases in disease-free survival (DFS), lengthened time to disease recurrence, and a decrease in the incidence of contralateral breast cancers have been shown in multiple clinical trials demonstrating the benefit of AIs versus tamoxifen [9] [10] [11] . The FDA-approved third generation AIs are structurally different and include the steroidal inhibitor, exemestane (EXE), as well as non-steroidal inhibitors, letrozole (LET) and anastrozole (ANA).
Several unique properties have been reported regarding EXE that differentiate this AI from its non-steroidal counterparts. Largely due to its steroidal structure that resembles the androgen substrate of aromatase, EXE acts as a mechanism-based inhibitor that binds to the active site of aromatase, resulting in inactivation of the enzyme over a long period of time [12] . Furthermore, Wang and Chen [13] have described that EXE acts as an aromatase destabilizer that degrades the enzyme in a proteosome-dependent manner. In addition to its action as an aromatase inhibitor/ destabilizer, EXE has been shown to have androgen-like properties and can bind to androgen receptor (AR), though at differing reported affinities [14, 15] . Results from clinical trials have shown that EXE can be used as second-line therapy after acquired resistance develops to non-steroidal AIs in the metastatic setting [16] , suggesting that a lack of cross-resistance exists between steroidal and non-steroidal AIs. Also, EXE may have unique effects that differ from non-steroidal AIs, with reports from clinical trials suggesting differences in terms of bone formation marker profiles [17] .
To further investigate the unique properties of EXE, we report genome-wide microarray analysis performed with EXE-resistant breast cancer cell lines in comparison to parental MCF-7aro (aromatase overexpressed). A positive correlation was seen between hormone-containing resistant lines and hormone-free EXE O cells, suggesting a hormonelike property of this AI. Top regulated genes from the EXE O lines were primarily estrogen-responsive genes. Additional functional analysis was performed to assess ER activity, which was enhanced using EXE and blocked by the ER antagonist ICI as well as the ERa-selective antagonist MPP. Lastly, EXE was able to drive breast cancer cell proliferation and induce transcription of known estrogen-responsive genes, at micromolar concentrations. Overall, this data suggests which EXE has weak estrogen-like properties that may explain key differences in the effects of this compound on breast cancer treatment.
Materials and methods
Cell culture and compounds MCF7 cells were cultured in MEM medium and T47D cells were cultured in RPMI1640 medium and supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin-streptomycin and 1% non-essential amino acids (NEAA). MCF-7 cells (ER+) that stably overexpress the aromatase gene (MCF-7aro) were previously generated in this lab and used for endocrine resistant cell line production [18] . MCF-7aro cells were routinely cultured in MEM containing 10% FBS, 2 mM L-Glutamine, 1 mM sodium pyruvate, 100 U/ml penicillinstreptomycin and 100 lg/ml G418. Resistant cell lines were maintained in phenol red-free MEM containing 10% charcoal/dextran-treated FBS with identical supplements as parental MCF-7aro cells. Resistant lines were continuously cultured in the presence of the appropriate inhibitor (1 lM EXE and 1 lM ANA), with or without the addition of 1 nM testosterone (T). In addition, MCF-7aro/ERE cells which stably express aromatase as well as an estrogen response element (ERE)-containing luciferase reporter, were generated in this laboratory and described previously (Lui et al. in press). Medium was replenished twice weekly and cells were grown at 37°C with 5% CO 2 
Microarray analysis
The Affymetrix GeneChip Human Genome U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA) were used to define gene expression profiles in each cell line. One-cycle target labeling and hybridization were performed following manufacturer's recommendation (Affymetrix, Santa Clara, CA) at the University of California, Irvine microarray core facility. To ensure the high quality of the whole microarray process, a set of quality assessment steps were applied to the data using an R/Bioconductor package developed internally. All subsequent analysis was performed using Partek Genomics Suite, version 6.3 beta (Partek Inc,. St. Louis MO). Raw Affymetrix intensity measurements of all probe sets were background-corrected, normalized, and summarized into gene expression level measurements using Robust Multichip Average (RMA). One-way ANOVA was performed to select 5007 target genes that are differentially expressed between resistant cell lines and MCF-7aro cell lines, based on a fold-change criteria of ±1.2-fold and a P-value \ 0.05. Similarity matrix, based on correlation coefficient calculations, was done using Partek Genomics Suite. Correlation coefficients range from 0.5 to 0.98. In addition, estrogen-inducibility was determined by two different estrogen-responsive gene databases, KBERG 1 and ERTargetDB 2 .
ER activity assays T47D and MCF-7 cells were seeded in 12 well plates at 8 9 10 4 cells/well in phenol red-free RPMI1640 and MEM medium respectively, supplemented with 10% charcoal/ dextran-treated FBS, 24 h prior to transfection. Cells were transfected with 1.5 ll of lipofectamine 2000 (Invitrogen) and 0.2 lg of pGL3(ERE) 3 luciferase reporter plasmid in 0.5 ml of Opti-MEM medium. After a 4 h incubation, 1 ml of MEM or RPMI1640 (10% charcoal/dextran-treated FBS) medium containing DMSO (vehicle control), 0.1 nM E2, or 10 nM, 100 nM, 1 lM EXE were added to each well. Luciferase activity was assayed 24 h after transfection. For MCF-7aro/ERE, approximately 1 9 10 4 cells were seeded in 96-well plates containing 200 ll of phenol red-free MEM, supplemented with 10% charcoal/dextran-treated FBS. On the following day, cells were washed once with PBS and supplemented with T, E2 or EXE at indicated concentrations and cells were further incubated for 24 h. For all ER activity assays, cells were lysed with 19 reporter lysis buffer (Promega, Madison, WI), protein concentration was determined using the Bradford method [19] and used to normalize luciferase response as determined by the Luciferase Assay System (Promega, Madison, WI). For the MCF-7aro/ERE screening system cell lines, luciferase units were read using a robotic injector and the Victor 2 V plate reader (Perkin Elmer, Waltham, MA), while all other luciferase assays were read on a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). All experimental conditions were performed in triplicate.
Cell proliferation and quantitative real-time PCR analysis
For cell proliferation assays, MCF-7 or MCF-7aro cells were cultured in phenol red-free MEM supplemented with 10% charcoal/dextran-treated FBS for 2 days before being plated into 96-well plates (5000 cells/well). Cells were then treated in phenol red-free medium with various compounds for 4 days. The CellTiter 96 Aqueous One Proliferation Assay kit (Promega, Madison, WI) was used according to the manufacturer's protocol, to measure cell proliferation. For real-time PCR of estrogen-responsive genes, total RNA was extracted from MCF-7aro cells using TRIzol reagent (Invitrogen, Carlsbad, CA). About 5 lg of total RNA was used for reverse transcription, using 100 ng random primer (Invitrogen, Carlsbad, CA), 0.5 mM dNTP mix, 40 U AMV-RT and supplied reaction buffer (Life Sciences Inc, St. Petersburg, FL) and RNase Inhibitor (Promega, Madison, WI) for 45 min at 42°C. Subsequently, 1 ll cDNA was used for real-time PCR using iQ5 SYBR Green Supermix (Bio-Rad, Hercules, CA) on an iCycler IQ5 PCR machine (Bio-Rad, Hercules, CA). All real-time PCR reactions were done in triplicate and the housekeeping gene b-actin was used as a reference. Gene-specific primer sequences used were: PGR, 5 0 -AGGTCTACCCGCCCTATCTC-3 0 (forward) and 5 0 -CAG CTCCCACAGGTAAGGAC-3 0 (reverse); pS2, 5 0 -TCCCCTG GTGCTTCTATCC-3 0 (forward) and 5 0 -AGCCGAGCTCT GGGACTAA-3 0 (reverse).
Results

Microarray analysis of exemestane and anastrozole-resistant cell lines
MCF-7aro cells that are resistant to EXE and ANA were generated in our laboratory and described previously [20, 21] . The EXE-resistant lines were cultured continuously in the presence of T (T+EXE R) or absence of T (EXE O). Similar conditions were used for the ANA-resistant lines, T+ANA R and ANA O, with and without T, respectively. Microarray analysis was performed using the MCF-7aro parental cells as a control for the resistant lines, in addition to the testosterone-only (T-only) lines cultured continuously in the presence of hormone. The long-term estrogen deprived (LTEDaro) cells generated in our laboratory were also used for comparison to the resistant lines, as a hormone-free model system. Results from microarray analysis are displayed as a similarity matrix, which demonstrates unbiased correlation coefficients for all cell lines (Fig. 1a) .
More correlated lines of *0.7 or higher are indicated in red, with less correlation shown in black and green. The T+EXE R and T+ANA R lines were highly correlated, but unexpectedly the EXE O lines demonstrated high correlation with the T-containing resistant lines. In contrast, the ANA O lines were only highly correlated with themselves as well as the LTEDaro system. Furthermore, the T-only lines demonstrated correlation with T+EXE R, T+ANA R as well as EXE O, though at a decreased level than cell lines that have acquired resistance. Similarly, correlation coefficients displayed graphically with a regression line, for T+EXE R versus EXE O (Fig. 1b) and T+ANA R versus ANA O (Fig. 1c) , demonstrated high correlation between EXE O and T-containing resistant lines.
Further analysis of microarray data demonstrated a large proportion of highly statistically significant estrogen-responsive genes playing a role in the T-only as well as T+EXE R and T+ANA R lines [22] . Tables 1 and 2 
O lines were not known androgenregulated genes, with the exception of KLK11. Estrogenresponsive genes were observed in ANA O lines, though these cell lines do not correlate with other hormone-containing lines in the similarity matrix (Fig. 1) . The ANA O lines do contain a constitutively active ERa (data not shown), similar to the LTEDaro lines [22] which would explain this result. Based on genome-wide unbiased analysis using microarray, the correlation of hormone-free EXE O lines with hormone-containing cell lines, as well as the high proportion of known estrogenresponsive genes in the EXE O lines suggests a hormone-like property of EXE.
Functional analysis of EXE as a potential ERa ligand
To functionally validate the estrogen-like effect of EXE, ER activity was evaluated using an estrogen response element (ERE) luciferase reporter that was transfected into MCF-7 and T47D breast cancer cell lines. These cell lines contain very low levels of aromatase activity, but endogenously express ERa, while ERb is expressed moderately in T47D with low expression levels in MCF-7. In comparison to the ER ligand E2, EXE was shown to behave like an estrogen in both types of cells (Fig. 2a) , especially at the 1 lM concentration typically used in cell culture [23, 24] . In addition, ER activity was inhibited using the pure ER antagonist ICI (Fig. 2b) . Similarly, EXE-mediated ER activity was inhibited using the ERa-specific ligand MPP, but not with the ERb-selective antagonist, PHTPP (Fig. 2b) . Interestingly, ER activity was increased in the presence of PHTPP, which could be a compound specific effect, especially because MCF-7 express low levels of ERb. Our results suggest that under our assay conditions, PHTPP has agonistic activity on ER.
Dose-response evaluation of EXE, in comparison to T and E2, was performed in the MCF-7aro/ERE stable cell line that is a dual reporter system of both aromatase activity as well as ERa functionality (Lui et al. in press). In this system, T is converted to E2 by aromatase, which then activates luciferase activity mediated by the stably expressed ERE, making this screening system very sensitive to T and E2 treatment. Dose-response of both T and E2 were evaluated in this system, ranging from 0.1 fM to 1 nM concentrations (Fig. 3) . Both T and E2 displayed typical sigmoidal dose-response curves, with an increase in activity beginning at 1 pM and a plateau in activity seen at 0.1 nM. Since this is not a ligand binding assay, K i or K d values of the ligands cannot be determined. However, the MCF-7aro/ERE screen system is very sensitive, as indicated by highly effective response at low concentrations of hormone (Fig. 3) . The dose-response of EXE was similarly evaluated in this MCF-7aro/ERE system, ranging from concentrations of 0.1 nM and plateauing at 0.1 lM (Fig. 3) . Based on these dose-response curves, the effective agonist concentration of EXE is 1000 times less potent than both T (once converted to E2) and E2 supplemented directly into the system. These experiments further suggest that EXE does act as a weak agonist of ERa. The agonistic properties of EXE were further evaluated by cell proliferation assays as well as the transactivation of ERa transcriptional targets, in comparison to E2. Figure 4a showed the E2-dependent growth of MCF-7 and MCF-7aro cells at a 1 nM concentration, in comparison to EXE-dependent cell growth at 1 lM. Additionally, MCF-7aro cells were treated with either DMSO, 1 nM E2, or 1 lM EXE for 48 h, with subsequent quantitative real-time PCR performed to assess mRNA levels of known estrogen-responsive genes. The E2-mediated induction of PGR (Fig. 4b) and pS2 (TFF1, Fig. 4c ) transcript levels was observed, with a weaker yet clear estrogen-like effect of EXE on these same genes. Similarly, Wang et al. [25] have previously reported that EXE can also induce transcript levels of amphiregulin (AREG), another known estrogen-responsive gene. The effects of EXE as a weak estrogenic compound, in addition to its known ability to act as a steroidal aromatase inhibitor and aromatase destabilizer, establish a unique property of this compound to target both aromatase as well as ERa.
Discussion
AIs have shown good clinical efficacy versus the antiestrogen tamoxifen, in the treatment of post-menopausal and hormone-dependent breast cancers. Being a steroidal AI that is distinctive from the non-steroidal inhibitors, we further investigated the unique properties of EXE on T47D, MCF-7 and derivative cell lines. Based on microarray analysis, a high correlation was observed between EXE O and hormone-containing resistant lines, T + EXE R and T + ANA R, in addition to moderate correlation with T-only lines. Top regulated genes from EXE O lines were mainly estrogen-responsive, with only one known androgen-regulated gene observed (KLK11). Further functional analysis demonstrated that EXE can activate ER activity, though at a lower potency than E2, and this activity can be blocked by ER antagonists. Furthermore, EXE was able to induce breast cancer cell proliferation as well as transcription of known estrogen-responsive genes by quantitative real-time PCR. This data suggests that the steroidal AI EXE does have weak estrogen-like properties.
Previous reports with EXE have suggested an androgenic effect of this inhibitor, though a discrepancy in binding affinity of EXE to AR were shown [14, 15] . Of interest, Ariazi et al. [14] looked at the active metabolite of EXE, 17-hydroexemestane, and its binding affinity to AR, which may account for the affinity differences reported. Based on our microarray data, androgen-regulated genes did not play a major role in EXE O lines, as estrogenresponsive genes were significantly differentially regulated. Furthermore, EXE-mediated induction of ER activity was inhibited by an ERa-specific antagonist, MPP [26] , and not by an ERb-selective antagonist, PHTPP [27] . Also, EXE-mediated ER activity was not blocked when the nonsteroidal AIs LET and ANA were used, confirming that aromatase is not involved (data not shown). It is also important to note that Ariazi et al. [14] did observe very weak binding of 17-hydroexemestane to ERa, with an IC 50 of 2.12 9 10 -5 mol/l, compared with an IC 50 of 1.33 9 10 -9 mol/l for E2. Though the competitive binding assay used in the Ariazi et al. study differs from our approach and does not allow for direct comparison of results, similar findings were obtained from our luciferase-based MCF-7aro/ERE screening system. We observed a plateau in luciferase-driven activity that is 1000 times more potent for E2 than for EXE. Based on our current approach using a cell culture model system, it is difficult to differentiate the action of EXE versus its metabolite 17-hydroexemestane. Yet, gene expression profiles of resistant cell lines as well as EXE-dependent ER activation in parental MCF-7 and T47D responsive cell lines suggests that the estrogen-like effect of EXE is similar in both cell types.
The weak estrogenic properties of EXE may have critical clinical implications. One of the major side-effects associated with AI treatment is loss in bone mineral density (BMD) and increases in bone fracture rates [28] [29] [30] . These effects have been attributed to whole-body suppression of estrogen synthesis by AIs, as estrogens have a protective effect in bone. Interestingly, recent reports reveal that the effects of EXE treatment on bone are less severe than nonsteroidal AI therapy, and that rates of bone fractures were lower in EXE-treated patients [9, 31] . Goss et al. [17] compared short-term EXE versus letrozole and anastrozole treatment on bone turnover markers, and observed high levels of procollagen type I N-terminal propeptide (PINP), a serum marker of bone formation, in EXE-treated patients after 24 weeks, but not in non-steroidal AI treated patients. Goss et al. [17] also comment that previous clinical trials that assess loss in BMD and bone fracture rate after AItreatment are compared with tamoxifen-treated patients. The concerns of Goss et al. are that tamoxifen is an agonist in bone and therefore has protective properties, suggesting that the effects of tamoxifen and AIs are not comparable. To support this clinical data, animal studies showed that ovariectomized rats treated with exemestane and 17-hydroexemestane, had significantly increased BMD, increased strength of cortical and trabecular bone, and decreased markers of bone resorption [32] . In contrast, ovariectomized rats receiving letrozole or no AI had significant loss of BMD, accompanied by decreasing bone strength and increasing bone resorption markers [33] .
The protective effects of estrogen on bone have been well characterized. Loss of estrogen stimulates both osteoblast as well as osteoclast action, resulting in bone remodeling at a rate where bone resorption is faster than bone formation [34] [35] [36] . In addition, estrogen as well as ERa, have been shown to play critical roles in osteoblast progenitor cell self-renewal [37, 38] . An important study looked at the effect of EXE directly on osteoblast and osteoblast-like cell lines, and determined that EXE mediated cell proliferation effects similar to that of an androgen [39] . Interestingly, these effects were suggested to be ARdependent as well as AR-independent, because an ARspecific antagonist was not able to inhibit high dose EXEmediated cell growth. Microarray analysis of E2, EXE and DHT treated hFOB osteoblast lines was also performed in this study, with EXE-treated cells clustering more closely to DHT-treated cells [39] . It is important to note in these studies that the hFOB cell line is AR and ERb positive but ERa negative. Therefore, it is difficult to compare these results with our own, in order to determine if EXE has any weak estrogenic properties in osteoblast cell lines. (a) Cell proliferation assays were performed in the MCF-7 and MCF-7aro cell lines using the CellTiter 96 aqueous one proliferation assay kit in 96-well plate format. After being cultured in hormonedeprived media for 2 days, 5000 cells were cultured for 4 days in the presence of DMSO vehicle control, E2 or EXE at indicated concentrations. All samples shown were performed in triplicate, with standard deviation shown. For statistical analysis, samples were compared to DMSO treated using Student's T-test, ** indicates P-value B 0.01 and *** indicates statistical significance at a P-value B 0.001. Quantitative real-time PCR was performed with E2 and EXE treated MCF-7aro cells. Cells were hormone depleted and treated with DMSO, E2 or EXE for 2 days prior to harvesting total RNA. Expression of estrogen-responsive genes, PGR (b) and pS2 (c), was normalized with the beta-actin housekeeping gene. All samples were performed in triplicate with standard deviation shown. For statistical analysis, samples were compared to DMSO treated using Student's T-test, ** indicates P-value B 0.01 and *** indicates statistical significance at a P-value B 0.001
Based on microarray studies and estrogen-responsive gene profiles from EXE O lines, we have observed an estrogen-like property of the steroidal AI, EXE. Functional analysis confirmed that an induction of ER activity was EXE-mediated and could be blocked by an ER antagonist ICI as well as an ERa-specific antagonist MPP. In addition, EXE was able to induce breast cancer cell proliferation as well as transactivation of mRNA levels of estrogenresponsive genes. This data suggests that EXE does have weak estrogen-like properties, which can potentially explain certain key differences observed clinically between steroidal and non-steroidal AIs. In addition to previous reports on the unique properties of EXE, these findings provide further information that differentiates EXE from other non-steroidal AIs currently used in the clinic.
